The influence of various silicon contents on the grain refinement and crystal morphology of pure aluminum and the Al-based alloy with low titanium content produced by electrolysis is comparatively investigated. The nucleation behavior and crystal morphology are studied with SEM and the nucleants are detected by EDS. The Al-based alloy shows better grain refinement response to silicon content, especially to high silicon content. The -Al crystal morphology remains fine equi-axed structure even though silicon content of the Al-based alloy increases to 5%. This better grain refinement should be attributed to the potential nucleants. All the nucleants might be in the type of TiAl 3 or Ti(Al 1ÀX , Si X ) 3 , but the atomic fraction of silicon, X, might increase with increase in silicon content of the alloy. The increases of macro-grain grade and micro-grain size with silicon content might be attributed more to the change of phase structure than to the change of -Al crystal morphology.
Introduction
Silicon is not only the most frequent impurity in commercial pure aluminum, but also the most common alloying element. 1) Al-Si alloys find wide application in the marine, electrical, automobile and aircraft industries because of high fluidity, low shrinkage in casting, high corrosion resistance, good weld-ability, easy brazing and low coefficient of thermal expansion.
2) The master alloys containing titanium contents are usually used as the refiners in Al-Si alloys to ensure the mechanical properties, to improve feeding and surface finish, to reduce hot tearing, and to distribute porosities evenly. [2] [3] [4] It is believed that the -Al morphology and the phase structure will change with increase in silicon content, and the grain refinement would show different responses to different silicon contents. 1, 2) Using the growth-restriction, Mats Johnsson et al. studied the influence of silicon content ranging up to 9 mass% on the grain size and crystal morphology of the alloys with various titanium contents from 0.01 to 0.05 mass%. 1, 5, 6) But they did not take the structure evolvement into account. Taking the structure evolvement into account, Xiangfa Liu et al. analyzed the influence of silicon content ranging up to 20 mass% on macro-grains of the unrefined Al-Si alloys. 7, 8) The master alloys with high titanium (and/or boron) contents were usually preliminarily produced in the induction-heating furnace by melting pure titanium with molten aluminum, or by reducing of Ti-or B-containing salts in molten aluminum. 9, 10) Zhiyong Liu et al. 11) produced a series of Al-based alloys with low titanium contents by electrolyzing titanium dioxide in cryolite-aluminum melts in the industrial electrolyzer. These alloys have favorite refining effects of transiting the coarse columnar grains formed in pure aluminum into the equi-axed grains. The nucleation and crystal growth of these alloys were studied. 12) In this research, the macro-grain grade, micro-grain size and crystal morphology evolvement of pure aluminum and Al-based alloys at various silicon contents are comparatively studied. The nucleation behavior and the crystal morphology are also investigated. This research would be necessary for the industrial application of the Al-based alloy produced by electrolysis, and also beneficial for further improving the refinement effect of this method.
Experimental Details
The starting materials used in this research are commercial pure aluminum (Si: 0.04 mass%, Fe: 0.087 mass%), Al-based alloys produced by electrolysis (Ti: 0.178 mass%, Si: 0.047 mass%, Fe: 0.085 mass%) and crystal silicon (99.90 mass%). After pure aluminum and Al-based alloy had been melted in two different graphite crucibles, corresponding quantities of crystal silicon were added to the melts to make the alloys contain 0.5, 1, 2, 3, 5, 7, 10 and 12 (mass%) silicon respectively. The highest melting temperature was 1073 K. The melts were degassed with C 2 Cl 6 at 1013 K. When the melts were cooled down to the temperature of 973 K, they were poured into the cylindrical cavity of 30 mm diameter and 70 mm depth within a cylindrical graphite mold of 70 mm diameter and 90 mm depth, which was pre-heated at the temperature of 373 K.
The specimens used for macro-analysis were the bottom surfaces of the ingots, which were ground mechanically on 200 grit and 400 grit papers, and etched in the reagent (HCl: H 2 O: HNO 3 : FeCl 3 =200 ml: 100 ml: 180 ml: 60 g) for 30 s. The specimens used for micro-analysis were the central sections, which were cut at 15 mm from the bottoms of the ingots. After being ground mechanically and polished with 10 and 2 mm silica suspension, they were etched in the 0.5% HNO 3 solution. The image collection and quantitative analysis were carried out under OLYMPUS microscope equipped with CCD and Pixera Studio. The grain size (d) was measured by the linear intercept technique.
7) It should be noted that the crystal structure evolvement must be considered when the number of grains intercepted by the line are counted. For the equi-axed and coarse equi-axed grains, the number of grains was measured. But for the columnar structure, the grain size was referred to DAS (distance of arm spacing). In this research, the columnar structure was often observed in pure aluminum and its unrefined alloys with high silicon contents. Although the columnar structure characterized by grains grew in parallel directions was not obvious in the macro-graphs of the unrefined alloys with high silicon contents, the -Al crystal, which sufficiently developed into great trunks and branches along preferred crystallographic direction, was characterized by the columnar structure. The grain size of the alloy was the average value of all the results measured from 10 pieces of micro-graphs.
The specimens for SEM analysis were deep-etched to clearly show the nucleants and -Al crystal morphology. A LEO 435VP scanning electron microscope fitted with a Link energy dispersive spectrometer (EDS) was used in this research. The point analysis of EDS was used to determine the compositions of the nucleants. The detection limits of titanium were between 100-150 ppm, and the spatial resolution was about 2.5 mm.
Experimental Results and Discussion
It is known that the solid solubility of silicon in aluminum is about 1.65% under the equilibrium solidification condition, and silicon content at the eutectic point is about 12%. 7) When silicon content increases from 0 to 12%, the phase structures of the alloys develop as follows: -Al phase ! primary -Al phase surrounded by eutectic phases ! eutectic phases (with or without primary silicon phase). 7) This pattern of phase evolvement can also be considered to be suitable for Al-Si-Ti alloys, although the refined -Al crystals may form and grow from the existing particles, such as TiAl 3 12) or Ti(Al 1Àx Si x ) 3 etc.
13) When the macro-grain grade was evaluated from macro-graphs and the grain size was determined from micrographs, our attention focused on the morphology and number of -Al crystals. Figures 1 and 2 show the macro-graphs of pure aluminum and Al-based alloys with silicon content up to 12 mass% respectively. Table 1 shows the macro-grain grade and -Al crystal morphology that are determined by both the macro-graphs and micro-graphs. Figure 3 shows the change of grain size with silicon content.
Effect of silicon content on pure aluminum
It was found 7, 8) that the macro-grain sizes of Al-Si unrefined alloys versus silicon content took the form of peak-valley. Our results show that when the macro-grain grade and micro-grain size reach the critical point, i.e. the valley or peak point, the -Al crystal morphology and the phase structure change dramatically. The pure aluminum shows in coarse columnar morphology, whose macro-grain grade is the sixth and grain size is the coarsest. When silicon content increases to 2%, the macro-grain grade and the micro-grain size decrease to the valley point, and the -Al crystal gradually develops into equi-axed grain. When the silicon content is below the solid solubility in aluminum, -Al crystal remains single -Al phase. Addition of solute silicon will promote both the nucleation rate and the constitutional under-cooling. On one hand, the number of foreign clusters for nucleation sites will increase 7) and the surface tension of the liquid aluminum might possibly decrease, 14) so the nucleation rate might increase with silicon content. On the other hand, the constitutional under-cooling (a) (b) would linearly increase with solute silicon content.
7)
However, the macro-grain grade and the micro-grain size tend to increase with further increase in silicon content, and reach the peak point when silicon content is about 10%. In the mean-time, the eutectic phases appear and the primary -Al crystal structure gradually changes from equi-axed to coarse columnar. Such a deterioration of the grain refinement with high silicon content was also found in the unrefined alloys 7, 8) and the refined alloys with low titanium and boron contents. 1, 5, 6) The growth restriction factor (GRF) was suggested to represent the effect of solute concentration, such as silicon and other solute elements, on grain size and crystal morphology. 1, 5, 6) The grain size reached a minimum at a critical GRF. Beyond the critical GRF, the transition from cellular to dendrite growth would occur, and the grain size would increase with increase in silicon content. In our opinion, the nucleation behavior and the multi-phases structure might also be responsible for the increases of macro-grain grade and grain size. The constitutional undercooling would increase with increase in silicon content. For the alloys with high silicon contents, most of the foreign clusters, which consist of silicon atoms, would tend to wait for growing as the flake silicon, so could not serve as the potential nucleants for primary -Al crystal. However, the rare primary -Al crystals, which might form and grow from the few clusters consisted of other impurity element atoms, would develop as the flourishing trunks along the preferred directions under the drive of sufficient constitutional undercooling. When the temperature of the aluminum melts between the primary -Al trunks reaches the eutectic transformation temperature, the existing clusters of silicon would easily develop into the flake eutectic silicon, then the -Al phases would crystallize in cooperation with the flake silicon phase. The eutectic structure formed in this way also enlarges the grain. It is known that the primary -Al ingredient will decrease while the eutectic ingredient increases with silicon content increasing. So the macro-grain grade and grain size increase with silicon content. Due to rare and poor potential nucleants for -Al, the coarse columnar structure of primary -Al would develop. This also further promotes the developing of the eutectic structure.
When the silicon content reaches 12%, although the grain structure remains the coarse columnar structure, the primary silicon phases appear, and might serve as the nucleants forAl crystal. 7, 8) So the macro-grain grade and the grain size tend to decrease slightly. As stated above, the changes of macro-grain grade and the micro-grain size are closely connected with the -Al crystal morphology and the evolvement of structure. Addition of silicon to pure aluminum cannot result in good grain refinement due to the rare and poor potential nucleants, except for 2% Si content.
3.2 Effect of silicon on Al-based alloy with low titanium content Our experimental results show that although the macrograin grade and micro-grain size versus silicon content also take the similar form of peak-valley, the Al-based alloy shows better grain refinement response to silicon content, especially to high silicon content. The Al-based alloy with low titanium content produced by electrolysis has been greatly refined to fine equi-axed structure due to the potential nucleants and titanium segregation. It was suggested thatAl crystal formed from the primary nucleants with various atomic Ti/Al ratio, and titanium segregation induced the grain developing in spherical and free dendrite morphology along the radius orientations. 12) Addition of silicon to Albased alloy has different effect of grain refinement compared with that to pure aluminum. When silicon content is about 1.0%, the macro-grain grade and micro-grain size reach the minimum. However they increase slightly with further increase in silicon content. The effect of solute silicon on the nucleation and constitutional under-cooling might be smaller. Solute silicon even might have inverse effect, especially for the single -Al phase structure. Until now, the effect of solute elements, especially the effect of multi-and inter-solute elements, on the nucleation and the constitutional under-cooling of Al-based alloy has not been very clear. But the -Al crystal morphology remains fine equi-axed structure with increasing silicon content up to 5%. Even if silicon content is 10% or 12%, the coarse equi-axed structure predominates over the columnar structure in the micrographs. The deterioration silicon content of 2 to 3% on grain refinement for pure aluminum with low Ti (0.01%) and B 1, 5, 6) or not, 7, 8) is successfully overcome. It was found that the critical GRF of Al-Si alloy varied with different cooling rate and addition of various amount of master alloys. 14) Our results confirm this suggestion. The critical GRF for pure aluminum with about 2 to 3% silicon can be calculated to be 12-18, whereas it is about 41 for the Al-based alloy with about 1% silicon. In our opinion, the fine equi-axed structure in Al-based alloy with high silicon content should be attributed to the higher titanium content. Among all the solute elements, titanium is the most efficient element in reducing grain size. 15, 16) The higher the titanium content of the alloy is, the more the potential nucleants exist. The solute titanium and the sufficient nucleants might effectively hinder the transition of -Al crystal from equiaxed structure to the columnar structure. Both the sufficient nucleants and efficient solute elements are required for the formation of equi-axed grains. 12, 16) Figure 4 shows the SEM image of the alloy with 3.0% silicon and the EDS analysis of the nucleant. The -Al crystal forms on the nucleant whose atomic ratio Al/Si/Ti is 68.88: 7.91: 23.21, develops in free dendrite morphology along the radius orientations, and finally forms the fine equi-axed structure. When silicon content increases to 7.0%, the atomic ratio Al/Si/Ti of the nucleant (shown in Fig. 5(a) ) is detected to be 60.29: 15.42: 24.30 by EDS analysis (shown in Fig.  5(b) ). The primary -Al crystal develops in free dendrite morphology, and the eutectic phase is between the interdendrite arms and in the periphery zones. These nucleants might be in the type of Ti(Al 1Àx Si x ) 3 .
13) It is known that TiAl 3 is one kind of efficient nucleants for -Al.
11) However the atomic fraction of silicon in the nucleant increases from about 8 to 15% when the silicon content of the alloy increases from 3 to 7%. This might yield that with silicon content increasing, this kind of nucleant might be unstable and more aluminum atom might be substituted by silicon atom in the nucleant. The structure change of the nucleants might decrease the potential for nucleation. It was also found that high silicon content decreased the effectiveness of titanium in reducing the grain size.
17) The coarse equi-axed and columnar structures appear in the alloys with 10% and 12% silicon, which might be short of potential nucleants.
The increase of grain size with silicon content might be attributed much more to the change of phase structure than to the change of -Al crystal morphology. When silicon content increases from 3 to 10%, the volume fraction of the primary -Al phase in overall structure, V -Al % can be estimated to decrease from 90 to 20% by means of the lever rule and the specific density data; the linear intercept fraction of primary -Al phase, L -Al % can also be estimated to decrease from 76 to 46% when the appendix in the reference 15) is cited and the equi-axed grains are assumed. Special attention should be paid to the nucleation and growth of the eutectic structure in the alloys with high silicon content. Refining -Al crystal and modifying the eutectic structure are both necessary for improvement of the structure and property.
The preliminary electrolysis results 11) showed that producing the Al-based alloys with low titanium contents were feasible in the industrial electrolyzer for producing pure aluminum, and this new method had a favorite refinement effect. The later industrial test showed that the electrolyzer for producing the Al-based alloy with about 0.20% titanium had worked stably for six months. The electrolysis efficiency had no obvious change compared with that of producing pure aluminum. This yields that this new efficient refining method can be applied to industrial production. In this research, the Al-based alloy with low titanium content shows favorite grain refinement response to silicon contents less than 7%. It was believed that the master alloy with titanium and boron had much better grain refinement effect than that of the master alloy with only titanium. And the rare earth element can efficiently modify the eutectic silicon. Therefore, in order to obtain favorite refinement and modification effects of the alloys with high silicon contents, producing the Al-based alloys containing titanium, boron and the rare earth element in electrolyzer might be beneficial.
Summary
The macro-grain grade and micro-grain size of pure aluminum and Al-based alloy with low titanium content take the form of peak and valley versus silicon content. The Albased alloy shows better grain refinement response to silicon contents, especially to high silicon contents. The -Al crystal remains fine equi-axed grain morphology with silicon content up to 5%. The potential and stable nucleants are necessary for the formation of equi-axed structure in the alloys with high silicon content. The atomic fraction of silicon in the nucleants increases as silicon content of the alloy increases. The increasing macro-grain grade and micro-grain size with silicon content might be attributed much more to the change of phase structure than to the change of -Al crystal morphology. For the alloy with 10% or 12% silicon, modifying the eutectic silicon is as important as refiningAl crystal. Electrolyzing Al-based alloy with titanium, boron and the rare earth elements should be studied in detail.
